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ABSTRACT
We have developed a semi-analytic framework to model the large-scale evolution of the first
Population III (Pop III) stars and the transition to metal-enriched star formation. Our model
follows dark matter halos from cosmological N-body simulations, utilizing their individual
merger histories and three-dimensional positions, and applies physically motivated prescrip-
tions for star formation and feedback from Lyman-Werner (LW) radiation, hydrogen ionizing
radiation, and external metal enrichment due to supernovae winds. This method is intended to
complement analytic studies, which do not include clustering or individual merger histories,
and hydrodynamical cosmological simulations, which include detailed physics, but are com-
putationally expensive and have limited dynamic range. Utilizing this technique, we compute
the cumulative Pop III and metal-enriched star formation rate density (SFRD) as a function of
redshift at z > 20. We find that varying the model parameters leads to significant qualitative
changes in the global star formation history. The Pop III star formation efficiency and the de-
lay time between Pop III and subsequent metal-enriched star formation are found to have the
largest impact. The effect of clustering (i.e. including the three-dimensional positions of indi-
vidual halos) on various feedback mechanisms is also investigated. The impact of clustering
on LW and ionization feedback is found to be relatively mild in our fiducial model, but can
be larger if external metal enrichment can promote metal-enriched star formation over large
distances.
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1 INTRODUCTION
The standard model of cosmology has enabled theoretical predic-
tions for the formation of the first stars in the Universe (for a
recent review see Greif 2015). These first Pop III stars are ex-
pected to form in pristine ∼105−6 M⊙ dark matter halos known
as “minihalos” at very high redshift. Because essentially no met-
als are present, gas in minihalos can only cool through molecular
hydrogen transitions, and cannot achieve the low temperatures pos-
sible with metal cooling. This results in a higher Jeans mass in Pop
III star forming gas compared to gas forming metal-enriched stars.
Therefore, the first stars are thought to be more massive than metal
enriched stars formed later in the Universe, with typical masses of
∼ 50−1000M⊙ predicted by simulations (e.g. Hirano et al. 2015).
In addition to studying the properties of individual Pop III
stars, it is interesting to predict the total abundance of Pop III star
formation as a function of cosmic time and the transition to metal
enriched star formation. Ultraviolet (UV) and X-ray photons pro-
duced by Pop III stars and their remnants can potentially have an
important impact on the thermal and ionization history of the inter-
galactic medium (IGM) in the early Universe. Thus, the abundance
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of Pop III stars has implications for high-redshift (e.g. z ∼ 20)
radio observations of the redshifted 21cm line of neutral hydro-
gen (e.g. Visbal et al. 2012; Fialkov et al. 2013) and measurements
of the optical depth and polarization of the cosmic microwave
background (CMB) (e.g. Kaplinghat et al. 2003; Haiman & Holder
2003; Visbal et al. 2015; Miranda et al. 2017). Additionally, if Pop
III stars form in large numbers, they may explain the black hole
binaries detected by the Laser Interferometer Gravitational-Wave
Observatory (LIGO) (Abbott et al. 2016), and also produce a corre-
sponding stochastic GW background detectable with the advanced
LIGO+Virgo network (Inayoshi et al. 2016). Finally, the abundance
of Pop III stars is important for “stellar archaeology” of very low
metallicity stars in the Milky Way which could have formed early
in the Universe (e.g. Hartwig et al. 2015, 2016).
Computing the global evolution of Pop III star formation is
complicated by several different feedback processes. The most im-
portant of these processes is feedback from Lyman-Werner (LW)
radiation produced by stars, which is able to photo-dissociate the
molecular hydrogen needed for cooling in minihalos (Haiman et al.
1997; Ciardi et al. 2000; Machacek et al. 2001; Wise & Abel 2007;
O’Shea & Norman 2008; Wolcott-Green et al. 2011; Visbal et al.
2014). Hydrodynamic cosmological simulations have found that
LW feedback effectively increases the minimum mass of miniha-
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los which can host Pop III star formation, with higher LW flux
corresponding to higher minihalo mass required for star forma-
tion. Previous generations of Pop III stars produce a background
of LW radiation which prevents subsequent star formation in low
mass minihalos. Eventually the LW background is high enough to
prevent star formation in all minihalos and star formation can only
proceed in halos with virial temperatures greater than ≈ 104 K,
where atomic hydrogen cooling can operate efficiently. Note that
if Pop III star formation is dominated by stars that are only a few
M⊙, infrared photons may be more important for feedback than
LW photons (Wolcott-Green & Haiman 2012), however we assume
that Pop III stars are massive throughout this paper.
Ionizing radiation can also impact Pop III star forma-
tion by photoevaporating gas out of minihalos (Shapiro et al.
2004; Iliev et al. 2005) and suppressing metal-enriched star for-
mation in larger dark matter halos (e.g. Shapiro et al. 1994;
Thoul & Weinberg 1996; Gnedin & Hui 1998; Gnedin 2000;
Dijkstra et al. 2004; Hoeft et al. 2006; Okamoto et al. 2008;
Sobacchi & Mesinger 2013; Noh & McQuinn 2014; Visbal et al.
2017). Additionally, metals produced in stars and spread through-
out the Universe via supernovae winds can pollute minihalos,
preventing Pop III star formation and triggering metal-enriched
star formation (Bromm et al. 2001; Omukai et al. 2005; Wise et al.
2012; Smith et al. 2015).
Previous efforts to predict the global evolution of the first
stars have generally taken one of two approaches, analytic mod-
eling usually based on the extended Press-Schechter formalism
(e.g Mesinger et al. 2005; Wyithe & Cen 2007; Trenti & Stiavelli
2009; Haiman & Bryan 2006; Visbal et al. 2015; Magg et al. 2016)
or hydrodynamic cosmological simulations (e.g. Maio et al. 2010;
O’Shea et al. 2015; Xu et al. 2016), each of which has its benefits
and drawbacks. Generally speaking, analytic work can test many
model parameterizations very quickly, but information about indi-
vidual halo merger histories and spatial clustering of halos is not
included (though see Scannapieco et al. (2003) for an analytic treat-
ment which does include clustering). On the other hand, hydrody-
namical simulations can include detailed physics, but are compu-
tationally expensive, permitting only relatively small boxes com-
pared to the horizon of LW photons and sparse sampling of the un-
certain model parameter space. Additionally, N-body simulations
with radiative transfer have simulated reionization with Pop III
stars by including minihalos as a subgrid prescription (Ahn et al.
2012), but this cannot carefully account for local feedback pro-
cesses on small scales. Another approach has been to perform
large-scale semi-numerical modeling, where individual halos are
not considered, but fluctuations in the LW background are included
on scales encompassing the LW photon horizon (Visbal et al. 2012;
Fialkov et al. 2013).
In this paper we develop a new semi-analytic technique to
study the evolution of the first Pop III stars and the transition to
metal-enriched star formation. We utilize dark matter-only N-body
simulations (which resolve individual minihalos) and then apply a
prescription to include Pop III and metal-enriched star formation.
This is similar in some respects to semi-analytic models of galaxy
formation used at lower redshifts (Lu et al. 2014). The prescrip-
tion presented here includes LW and ionization feedback as well as
external metal enrichment (i.e. metals coming from a halo which
is not a progenitor of the halo being enriched) due to supernovae
winds. These semi-analytic simulations contain both merger his-
tory and clustering information not present in analytic approaches,
but are much less computationally expensive than full hydrodynam-
ical simulations. This allows us to survey a wide range of physics
at a relatively low computational cost. We utilize our model to test
a variety of different parameterizations of early star formation and
feedback mechanisms.
We find that varying the assumptions regarding the physics
of the first stars, in particular the Pop III star formation efficiency
and the delay time between Pop III star formation and subsequent
metal-enriched star formation in the same halo, can result in quali-
tative changes to the large-scale evolution of the SFRD. Addition-
ally, we use our model to test the impact of the small-scale clus-
tering of individual halos on feedback effects, which has been sug-
gested as potentially important (Kramer et al. 2006).
We note that our approach is similar to those of Trenti et al.
(2009), Agarwal et al. (2012), and Crosby et al. (2013), however
here we consider a more detailed model, which extends these stud-
ies by simultaneously including spatial fluctuations in LW feed-
back, ionization feedback, and external metal enrichment.
This paper is structured as follows. In §2 and §3, we de-
scribe the N-body simulations utilized in the model and the de-
tails of our semi-analytic model, respectively. We present the re-
sults for a range of parameters and discuss the importance of clus-
tering in §4 and discuss comparisons with previous work in §5. Fi-
nally, we summarize and discuss our conclusions in §6. Through-
out, we assume a ΛCDM cosmology with parameters consistent
with Planck Collaboration XVI (2014): Ωm = 0.32, ΩΛ = 0.68,
Ωb = 0.049, h = 0.67, σ8 = 0.83, and ns = 0.96.
2 N-BODY SIMULATIONS
We produce the cosmological N-body simulations needed for our
model with the publicly available code GADGET2 (Springel et al.
2001). For the results discussed below, our simulations contained
10243 particles in a 5Mpc box. This corresponds to a particle mass
of 4600M⊙. Thus, 10
5 M⊙ minihalos are resolved with∼ 20 par-
ticles each. A gravitational softening length of 160 pc was used. Ini-
tial conditions were generated with MUSIC (Hahn & Abel 2011)
using second order Lagrangian perturbation theory. The simula-
tion was started at z = 200 and we take snapshots at ∆z = 1
from z = 40 − 20. The upper limit of this redshift range corre-
sponds to the point when the first stars in our simulation box form
(a larger box would have the first star at higher redshift). By the
lower limit of this range, metal-enriched star formation dominates
over Pop III in the model parameterizations we have explored. To
build merger trees, we use ROCKSTAR (Behroozi et al. 2013a) and
CONSISTENT TREES (Behroozi et al. 2013b). In Figure 1, we show
the number of halos found in our simulation compared to estimates
from the Sheth-Tormen mass function (Sheth & Tormen 1999). At
z = 20 we find very close agreement with our simulations and
Sheth-Tormen, but at higher redshift we find that this mass func-
tion overpredicts the number of halos by a relatively modest amount
(e.g. a factor of ∼2 at z = 30). Throughout, we use the virial mass
definition from Bryan & Norman (1998).
3 SEMI-ANALYTICMODEL
3.1 Basic framework
We have developed a semi-analytic model to study the large-scale
properties of the first Pop III stars and the transition to metal-
enriched star formation. Our model utilizes merger trees from N-
body simulations including the three-dimensional positions of dark
MNRAS 000, 000–000 (0000)
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Figure 1. The number of halos found in our box (black points with er-
ror bars) as a function of halo virial mass and the number expected from
the Sheth-Tormen mass function (black curves). The mass bins are width
∆Mvir = 0.58Mvir and Poisson error bars are shown (σ =
√
Nhalo).
The upper curve and points are for z = 20 and the lower are for z = 30.
matter halos. Prescriptions for star formation and feedback are ap-
plied to these merger trees to determine the star formation history
throughout the simulation box as a function of redshift. In Figure
2, we show a projection of the metal-enriched and Pop III star-
forming halos in this model for the fiducial case described below.
In order to model star formation and feedback at high tempo-
ral resolution, we use a simple scheme to track dark matter halos
between output snapshots of the N-body simulation. We divide the
period between consecutive snapshots into many equally spaced
time steps. This is necessary to accurately track the changes in LW
flux due to Pop III stars turning on and off. The lifetime of a mas-
sive Pop III star is a few Myr, while towards the end of our simula-
tions the difference between simulation snapshots is over 10 Myr.
We have adopted time steps between snapshots of ∼ 0.25 Myr at
z ∼ 20 (and smaller at higher redshift), which allows us to resolve
changes in LW flux on timescales significantly shorter than the Pop
III lifetime.
For a halo which does not experience any mergers between
snapshots, the mass of the halo grows (or shrinks in some cases
due to interactions with nearby halos) linearly with time such that
it has the correct mass at the later snapshot. For cases with mergers
(i.e. more than one progenitor halo ending in a single descendant
halo), we draw random numbers, sampled evenly in the time be-
tween simulation snapshots, to determine when mergers occur. For
a set ofNp common progenitors, we generateNp−1 random times.
The first halo in the set merges into the second at the first time, the
second halo (now containing the first) merges with the third at the
second time, and so on. Whenever two progenitor halos merge, the
mass growth rate of the merged pair becomes the sum of the pro-
genitors’ growth rates.
We also assign velocities to halos and track changes in their
positions between simulation snapshots. For halos without mergers,
we simply assign a constant velocity chosen to transport the halo
from its position in one snapshot to its location in the next. For
halos with mergers, we assign constant velocities to each progenitor
such that each halo meets the halo it merges with at the time of
the (randomly assigned) merger. For a set of merging progenitors,
when the first halo merges into the second, the merged pair keeps
the velocity of the second, when the second merges with the third,
the merged pair takes the velocity of the third, and so forth for the
rest of the set. Note that consistent with our N-body simulations
described below, we consider periodic boundary positions (i.e. a
halo that reaches one edge of the box will re-emerge on the other
side). Throughout our model, we do not track the substructure of
halos. If a subhalo merges with a halo and then subsequently leaves
the halo in a later snapshot, we assume that subhalo (distinct halo
once it leaves) does not produce any stars. We do this because the
subhalo may have had gas stripped during the merger and because
we have already assigned it some star formation when it initially
merged.
We emphasize that the sub-snapshot prescription described
here is not intended to be strictly physical, rather it is intended to al-
low us to run at very high time resolution without generating large
numbers of N-body simulation outputs. We find that when chang-
ing the random seeds of the mergers, the large-scale features of
our model (e.g. metal-enriched and Pop III star formation rate den-
sity as a function of redshift) remain mostly unchanged. We also
find that turning the sub-snapshot velocities off (leading to instan-
taneous jumps in positions when mergers occur) leaves our results
essentially unchanged. This suggests that the somewhat arbitrary
details of the sub-snapshot physics we have chosen do not have a
strong impact on global properties of star formation. Now, we will
describe the prescriptions for star formation and the various feed-
back processes which are included in our model.
3.2 LW feedback
Following the results of cosmological simulations (Machacek et al.
2001; Wise & Abel 2007; O’Shea & Norman 2008), we assume
that Pop III star formation occurs in pristine dark matter halos once
they reach a critical mass which depends on the redshift and local
LW flux. This mass scale is given by
Mcrit = 2.5×105
(
1 + z
26
)−3/2 (
1 + 6.96 [4πJLW,21]
0.47)M⊙,
(1)
where JLW,21 is LW intensity in units of
10−21erg s−1 cm−2 Hz−1 sr−1 (Fialkov et al. 2013). If Mcrit
exceeds the atomic cooling threshold, given by
Ma = 5.4 × 107
(
1 + z
11
)−3/2
M⊙, (2)
Ma is used for the critical mass instead. This choice of Ma cor-
responds to the typical minimum mass of haloes that are able to
cool in the absence of molecular hydrogen in the simulations of
Fernandez et al. (2014).
For each pristine halo at each redshift step, we compute the
LW intensity as JLW,21 = Jloc(x, z) + Jbg(z), where Jloc(x, z)
is the local flux from nearby individual sources and Jbg(z) is the
mean LW background on large scales. The local flux is given by
Jloc(x, z) =
∑
i
LLW,i
(4π)2∆νLW|x− xi|2 , (3)
where the summation is over all star-containing halos within co-
moving distance Rmax =
√
2/2Lbox and Lbox is the N-body
simulation box size. LLW,i is the LW luminosity of the i’th halo,
∆νLW = 5.8 × 1014Hz is the frequency range of LW photons
(corresponding to the difference between 11.2 and 13.6 eV pho-
tons), and xi is the position of the i’th halo (in physical units). To
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Figure 2. Projections of dark matter halos in our semi-analytic model with the fiducial parameters described in §4. The left panel shows the location of
metal-enriched (circles) and Pop III (*’s) star-forming halos at z = 20, while the right panel shows the location of all halos above 106 M⊙. Halos with
metal-enriched star formation had progenitors with Pop III stars in the past.
ensure sources at the edge of the box do not have artificially low
values of Jloc, we use periodic boundary conditions when comput-
ing this quantity (this is also why we have all halos see sources
out to the same distance, Rmax). Note that for each halo, its ob-
served Jloc is the flux from nearby halos closer than Rmax and its
observed Jbg is the flux from halos farther then Rmax (making the
simplifying assumption that this contribution is spatially uniform
with a redshift-dependent intensity taken from the evolving mean
emissivity of the box).
The uniform background component of the LW flux is given
by
Jbg(z) =
c(1 + z)3
4π
∫
∞
zRmax
dz′ǫLW(z
′)
∣∣∣∣dtHdz′
∣∣∣∣ fLW(z′, z), (4)
where ǫLW(z
′) is the mean LW emissivity in our box as a function
of redshift, tH is the Hubble time, and fLW(z
′, z) the attenuation
of LW flux observed at redshift z from sources at redshift z′ due to
LW photons being redshifted into Lyman series resonance lines and
absorbed. We approximate this attenuation with Eq. 22 in Ahn et al.
(2009). The mean emissivity is given by
ǫLW(z) =
ELW
∆νLWmp
[ηIIISFRDIII(z) + ηIISFRDII(z)] , (5)
where ELW = 2× 10−11 erg is the energy of a LW photon, mp is
the proton mass, SFRDIII and SFRDII are the Pop III and metal-
enriched star formation rate densities, and ηIII and ηII are the num-
ber of LW photons produced per baryon incorporated in Pop III and
metal-enriched stars (discussed below).
The limit of integration zRmax corresponds to the redshift an
observer at z sees a source at Rmax =
√
2/2Lbox due to the finite
light travel time. Note that when we compute the star formation
for a particular time step, we use the sources from the previous
time steps to compute the LW feedback. Our results converge as
we make time steps small.
For the highest redshifts in our simulations, Eq. 4 is not a good
estimate for the LW background due to the low number of sources
in the box and rapid fluctuations as these sources turn on and off.
To address this, above zhi−z = 30 we assume the LW background
evolves exponentially as Jbg(z) = A exp(−Bz). The parameters
A andB are fit iteratively by computing Jbg(z)with Eq. 4 from the
previous iteration’s fit and then re-fitting A and B to the new back-
ground. This fitting process is continued until changes are small
from iteration to iteration. This iteration is required because one
does not know a priori the best values of A and B to assume, thus
for the first few iterations the assumed Jbg(z) can be much differ-
ent than the value one gets from fitting the background computed
with Eq. 4.
3.3 Star formation
The first time a pristine halo exceedsmin(Mcrit,Ma)we introduce
Pop III stars. For simplicity, we assume that all Pop III stars are of
the same mass, MPopIII. Our method can easily be modified in
future work to incorporate a distribution of stellar masses sampled
from an initial mass function (IMF). The total mass of Pop III stars
assigned to a halo is
MIII,∗ = max(MPopIII, fIII
Ωb
Ωm
Mh), (6)
where fIII is the Pop III star formation efficiency and Mh is the
total dark matter halo mass (note that fIII = 0 implies one Pop
III star per halo). If fIII > 0, massive pristine halos can produce
multiple stars. In this case, halos can have a total stellar mass which
is equivalent to a fractional number of stars. This choice was made
for simplicity and in these cases the number of ionizing/LW pho-
tons produced is proportional to the stellar mass formed in Pop III
stars. In future work we intend to adopt a more sophisticated treat-
ment of the IMF.
We assume the stellar luminosity is constant over the lifetime
of the Pop III stars, tPopIII, and characterize it in terms of ηIII, the
number of LW and ionizing photons (assumed to be the same) per
baryon forming stars. Both tPopIII and ηIII depend on the value
MNRAS 000, 000–000 (0000)
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of MPopIII and are estimated from the calculations of Schaerer
(2002).
After the death of a Pop III star and possible corresponding
supernova, we assume there is some recovery time before the gas
can fall back into a halo and begin metal-enriched star formation.
Metal-enriched star formation is included in a halo tdelay after the
earliest Pop III star(s) formed in all of its progenitor halos. Once
metal-enriched star formation is present, we assume a star forma-
tion rate (SFR) proportional to the mass growth rate of the halo
with an additional boost produced by the merger of pristine halos.
Thus, the metal-enriched SFR at a particular time step is given by
SFRII = fII
Ωb
Ωm
M˙h + fII
Ωb
Ωm
Mmerge
∆t
, (7)
where fII is the metal-enriched star formation efficiency, M˙h is the
growth of the dark matter halo due to unresolved accretion dis-
cussed above, Mmerge is the total mass of pristine halos which
merged with the halo at the time step, and ∆t is the length of the
time step.
To compute the LW and ionizing flux of metal-enriched stars
we assume that, at a given time, all stars which formed within tPopII
emit at a constant luminosity. Thus, the luminosity is given by
LII(z) =
∫ tH(z)
tH(z)−tPopII
dt′
SFRII(t
′)ηII
tPopIImp
, (8)
where ηII is the number of ionizing/LW photons produced per
baryon in metal-enriched stars and mp is the mass of the proton.
The parameter tPopII is meant to represent the lifetime of massive
stars which produce most of the ionizing/LW radiation.
3.4 Ionization feedback
In regions where the IGM has been ionized, we expect the mini-
mummass of halos hosting star formation to be significantly higher
than in neutral regions. We use a simple prescription similar to the
approach of Furlanetto et al. (2004) to treat this ionization feed-
back. To determine if a halo is in an ionized region, we examine a
series of comoving spheres of around the halo. For each sphere,
we identify all halos contained in the sphere that are producing
or whose progenitors produced ionizing radiation and compute the
size of the HII region these sources would create. If at the current
redshift, the HII region is larger than the sphere (with radiusRs) we
assume the halo is in an ionized region. The size of the HII region,
Ri, is computed with
dR3i
dt
= 3H(z)R3i +
3N˙γ
4π〈nH〉 − C(z)〈nH〉αBR
3
i , (9)
where N˙γ is the rate of ionizing photon production in the sphere
as a function of time, H(z) is the Hubble parameter, αB = 2.6 ×
10−13cm3s−1 is the case B recombination coefficient of hydrogen
at T = 104 K, 〈nH〉 is the mean cosmic hydrogen density, and
C(z) ≡ 〈n2HII〉/〈nHII〉2 is the clumping factor of the ionized IGM.
We assume a clumping factor of
C(z) = 2
(
1 + z
7
)−2
+ 1. (10)
This formula gives values similar to that found in the Illustris simu-
lation for gas below 20 times the mean baryon density (Bauer et al.
2015). It is also similar to the values found in (Finlator et al. 2012).
We start with a sphere of radius Rs equal to the halo virial ra-
dius and check spheres from this radius up to the entire size of the
box. We increase the number of spheres used until we achieve con-
vergence. To compute the amount of photons, we assume the same
quantity as for the LW photons described above, but reduced by es-
cape fractions of fesc,II and fesc,III for halos with metal-enriched
and Pop III star formation, respectively.
If a pristine halo is in an ionized bubble, the minimum mass
of star formation is increased to Mion, which we assign a fiducial
value of Mion = 1.5 × 108
(
1+z
11
)−3/2
M⊙ (consistent with the
results of Dijkstra et al. 2004). For halos which are already under-
going metal-enriched star formation, we assume that if they reside
in an ionized bubble, gas can no longer fall in and star formation is
quenched on the dynamical timescale of the halo. In this case, the
SFR is attenuated as
SFRbub = SFRII exp (−∆tbub/tdyn) , (11)
where∆tbub is the time the halo has been in an ionized region and
tdyn is the dynamical time at the mean density of the halo, which
we approximate as tdyn ≈ 0.1tH. For these halos, we also assume
that there is no pristine merger component to the metal-enriched
SFR due to photoevaporation (i.e. we set the second term in Eq. 7
to zero).
3.5 Metal enrichment
We also include external metal enrichment in our semi-analytic
model by considering the size of metal enriched bubbles produced
by supernovae explosions. Following Trenti et al. (2009), we as-
sume that after the death of a star, a metal enriched bubble expands
at velocity vbub = fbub × 60 km s−1 until it reaches a comoving
radius of Rbub = fbub × 150 h−1 kpc. Here fbub is a parame-
ter that we switch between 1 and 0 to turn external enrichment on
and off. We find that the bubble radius given by this procedure is in
rough agreement with the simulations of Smith et al. (2015).
Pristine halos that fall within the radius of a metal bubble are
assumed to be metal enriched. The metallicity of these externally
enriched halos is computed by assuming that the metals produced
in supernovae are spread uniformly throughout the bubbles. If a
halo is hit by more than one bubble, the metallicity is set to the sum
of the metallicity of the bubbles. We assume 10 M⊙ of heavy el-
ements are produced per each 40 M⊙ (chosen as the fiducial Pop
III stellar mass) of Pop III stars (Nomoto et al. 2006) and 1M⊙ of
metals are produced for every 100M⊙ of metal-enriched stars (this
is the approximate metal yield assuming that stars above 8 M⊙
lead to a supernova and ∼ 1 M⊙ of heavy metals are produced
per supernova Barkana & Loeb 2001). If the external enrichment
becomes higher than a critical metallicity, Zcrit, we impose a crit-
ical mass, Mmin,met, for new (metal-enriched) star formation in
these halos and assume Pop III stars can no longer form. For re-
gions with metallicity below this critical value we still allow Pop
III star formation. For the calculations presented below we assume
a fiducial value of Mmin,met = 2 × 105 M⊙. There have been
a number of previous efforts to determine the critical metallicity
at which cooling leads to significantly smaller stellar masses than
in Pop III star formation (e.g. Bromm & Loeb 2003; Omukai et al.
2005; Smith & Sigurdsson 2007; Smith et al. 2009). These studies
tend to find a critical value around Zcrit ≈ 10−3.5Z⊙, which we
use as a fiducial value.
In our fiducial model, we do not include external metal enrich-
ment. Because there are many more potential star forming halos in
runs when it is included, we slightly simplify the reionization feed-
back prescription described above to accelerate the computation.
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Rather than solve Eq. 9, we simply count the total number of ioniz-
ing photons in spheres around a halo and compare it to the number
of hydrogen atoms in the spheres. If there are more photons than
atoms in any sphere, we consider the halo to be in an ionized re-
gion. This gives very similar results to using Eq. 9, which implies
that the overall impact of recombinations is small. This is because
the rate at which the SFRD increases is much faster than the re-
combination rate. For example, the recombination time at z = 25
is∼ 40 Myr and 40 Myr after z = 25 (z ≈ 20), the SFRD density
has increased by an order of magnitude. Thus, most of the ionized
photons have been produced more recently than the recombination
time scale, causing recombination to have a relatively small impact.
3.6 Fiducial Parameters
Here we discuss the parameter choices for our fiducial model,
which are listed in Table 1. For metal-enriched star formation, we
have adopted an efficiency of fII = 0.05, which we take from
Visbal et al. (2015). This value was determined using abundance
matching and the observed UV luminosity function of galaxies at
z ≈ 6 from Bouwens et al. (2015). We have chosen an escape frac-
tion for metal-enriched galaxies of fesc,II = 0.1, which is com-
patible with the simulations of Wise et al. (2014) for the low-mass
halos we follow here, and a number of ionizing photons per baryon
of ηII = 4000, which corresponds to a Salpeter IMF from 0.1 to
100 M⊙ and metallicity Z = 0.0004 (see table 1 in Samui et al.
2007). We note that these values are quite uncertain and could also
evolve with redshift, which for simplicity we do not explore in this
paper. We also note that our simple assumption of equal numbers
of ionizing and LW photons likely underestimates the LW flux by
a factor of a few from metal-enriched galaxies. Given the compara-
ble uncertainties in the many of the important parameters (e.g. the
evolution of the metal-enriched star formation efficiency), we defer
a more careful treatment for future work.
For simplicity we have assumed a single Pop III stellar mass
of MPopIII = 40. We note that there is large uncertainty in Pop
III masses and in future work we intend to sample from a num-
ber of different IMFs (e.g. that from Hirano et al. 2015). Given our
choice ofMPopIII, we take the values of ηIII and tPopIII from the
stellar models of Schaerer (2002). We assume that our Pop III stars
end their lives as supernovae leading to tdelay = 10
7 yr before
the gas can settle back into the halo and form metal-enriched stars.
This value is consistent with the simulations of Jeon et al. (2014),
but we note that it can change as a function of supernovae energy
and halo mass. Below, we explore increasing the value of this delay
which could correspond to larger Pop III stars leading to more ener-
getic supernovae. In future work, we will explore making the delay
vary from halo to halo based on the Pop III masses, halo mass, and
redshift.
In our fiducial model we assume there is no external metal en-
richment, fbub = 0. This may correspond to the case where much
of the metals from winds do not efficiently mix with dense gas al-
ready inside minihalos (Cen & Riquelme 2008). As noted above,
fbub = 1 gives metal bubbles with radii similar to those found in
the simulations of Smith et al. (2015). We regard this as a realis-
tic possibility and include it in our parameter variations presented
below.
4 RESULTS
In this section, we study how various physical processes in our
semi-analytic model impact the large-scale properties of early star
formation. We have first simulated a fiducial case, with parameter
values listed in Table 1, as discussed in the previous section. We
emphasize that there is great uncertainty in the most realistic val-
ues of these parameters, therefore the results here are not intended
to be a precise description of the first stars, but instead are meant
to show how changes in various parameters can qualitatively al-
ter their global properties. We note that we have used 50 timesteps
(evenly spaced in time) between each of our N-body simulation
snapshots (taken with∆z = 1), and that higher resolution does not
significantly change our results.
4.1 Parameter variations
In Figure 3, we plot the SFRD of Pop III and metal-enriched stars
as a function of redshift, comparing our fiducial model to cases
with changes in fIII, tdelay, fbub, and the ionizing escape frac-
tions for both metal-enriched and Pop III star-forming halos. To
make changes more clear we have smoothed the instantaneous
SFRD, at each redshift we plot the mean SFRD over the previous
107 yr. Varying these parameters leads to significant changes in the
large-scale evolution of the first stars. We find the most significant
changes come from varying fIII or tdelay. Increasing or decreas-
ing the Pop III star formation efficiency leads to more or less Pop
III stars, respectively. By z = 20, there is roughly a two orders of
magnitude difference in the Pop III SFRD for fIII = 0 (one Pop
III star in each halo) and fIII = 0.005. We note that higher Pop
III star formation efficiency also corresponds to a modest decrease
in metal-enriched SFR density. This is due to enhanced ionization
feedback from extra Pop III photon sources. It has been suggested
that there is a self-regulation effect which causes the Pop III SFRD
to not depend strongly on the Pop III star formation efficiency (e.g.
Haiman et al. 2000). This arises because an increase in Pop III star
formation efficiency elevates the LW background, which raises the
minimummass of star forming halos and reduces the Pop III SFRD.
We do not see this effect in the top left panel of Figure 3 because
the LW background is caused mainly by metal-enriched stars for
most of the redshift range considered in our fiducial model. How-
ever, this effect would be seen if we simultaneously increased tdelay
(discussed below) and fIII.
Increasing tdelay leads to a much longer initial period com-
pletely dominated by Pop III star formation. This case corresponds
to more disruptive supernovae explosions caused by more mas-
sive Pop III stars. In general we find, metal-enriched star formation
dominates shortly after the first sites of Pop III star formation re-
cover (after tdelay). We note that if metal-enriched star formation is
not included in minihalos at all (i.e. only permitted in atomic cool-
ing halos) as was assumed in Visbal et al. (2015), the results look
qualitatively very similar to increasing tdelay as in Figure 3.
In the bottom left panel of Figure 3, we plot the effect of ex-
ternal metal enrichment, which significantly increases the metal-
enriched SFRD and modestly decreases the abundance of Pop III
stars by polluting pristine halos. We also tested external metal en-
richment with Zcrit = 10
−6 Z⊙, which corresponds to the case
with dust cooling from Omukai et al. (2005). This gives essentially
identical results as the fiducial value of Zcrit = 10−3.5 Z⊙.
The impact of ionization feedback is shown in the bottom right
panel of Figure 3. For redshifts greater than z ∼ 25, ionization
feedback can change the metal-enriched SFRD by roughly an order
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of magnitude, while at lower redshifts it makes closer to a factor of
two difference in the metal-enriched SFRD. The increased metal-
enriched SFRD due to turning off ionization feedback lowers the
amount of Pop III stars initially due to increased LW radiation (see
also Figure 5).
In Figure 4, we show the SFRD density when no feedback is
included (i.e. no LW/ionizing feedback or external metal enrich-
ment). In this case, both Pop III and metal-enriched SFRDs are ap-
proximately an order of magnitude or more higher than our fiducial
model. We note that the difference between the fiducial and the no
feedback case can be caused by either LW or ionizing feedback. In-
cluding either of these processes returns the Pop III/metal-enriched
SFRDs much closer to the fiducial case.
Note that jagged fluctuations with time in the SFRDs plotted
in Figures 3, 4, and 6 are due to the finite size of our simulation
box. For a much larger box, with many more star-forming halos,
we would expect smoothed versions of these curves.
We have also computed the total cumulative abundance of Pop
III stars, as shown in Figure 5. We note that different parameteri-
zations of our model can change this overall amount by an order
of magnitude or more. Unsurprisingly, the Pop III star formation
efficiency has the largest impact on the total Pop III abundance.
External metal enrichment can reduce the abundance due to pol-
luting potential metal-free sources and increasing the LW feedback
by producing more metal-enriched stars. Increasing tdelay leads to
slightly more Pop III stars initially because there are not metal-
enriched stars which increase the LW background, suppressing Pop
III star formation.
4.2 Impact of clustering
Next, we investigate the impact of including/excluding spatial clus-
tering in the feedback prescriptions. For LW feedback, when clus-
tering is excluded, only the global large-scale component, Jbg, is
used. For ionization feedback, ionizing radiation from external ha-
los is no longer considered, however feedback can still occur if a
halo (and its progenitors) can ionize a bubble larger than its virial
radius, as described above. When clustering is excluded, external
metal enrichment is completely disabled. The case without cluster-
ing is meant to represent what could be done with merger trees, but
without the positions of halos.
In Figure 6, we show the impact of clustering in the fiducial
model and the case with LW feedback, but no ionizing feedback.
We find that in both instances the effects of clustering are relatively
mild, generally only causing a factor of a two or less difference in
the metal-enriched and Pop III SFRDs for the redshifts explored.
The impact of clustering on LW feedback is small because
most of the radiation comes from scales larger than our box. While
clustering can alter the detailed star formation history of individ-
ual halos, it is not important for the global evolution. However,
we note though that our simulations do not include clustering on
scales larger than the simulation box, as discussed below, which
could have some impact.
For ionization feedback, clustering accounts for a small por-
tion of the feedback. The difference in turning off ionization com-
pletely (bottom right panel of Figure 3) and only turning off clus-
tering (left panel of Figure 6) is due to ionizing bubbles created by
progenitor halos. Even in the absence of clustering, a halo’s progen-
itors can ionize its location, preventing subsequent star formation.
We note that because of this behavior, our “no clustering” case does
contain information related to positions of halos’ progenitors (for
the sake of ionization feedback, we assume they were in the same
location). Thus, while our no clustering case represents what could
be done with merger trees alone (and no halo positions), it implic-
itly contains more spatial information than most models based on
the extended Press-Schechter formalism.
We note that Kramer et al. (2006) predict a larger impact of
clustering than we find in the present work (though a direct compar-
ison cannot be made since the clustering/no clustering cases are de-
fined differently). This is partly because Kramer et al. (2006) only
include ionization feedback and not LW feedback. In our model,
we find that the impact of clustering is suppressed by LW feedback,
since many of the small minihalos which would be affected by clus-
tered ionizing sources already have their star formation suppressed
by the LW background. We verify this by computing a model with
ionization feedback and no LW feedback. In this case, we find that
the clustering/no clustering models have approximately an order of
magnitude difference in the Pop III SFRD below z ∼ 34. We point
out that the total ionized fraction of the IGM is low at the redshifts
explored (less than one percent at z = 20). We expect the impact
of clustering on ionization feedback to be larger at lower redshifts.
We note that the effect of external enrichment on the metal-
enriched and Pop III SFRDs is due entirely to clustering.
5 COMPARISONWITH PREVIOUS WORK
In this section, we discuss our method and results within the con-
text of previous semi-analytical models of the large-scale distribu-
tion of Pop III stars. We emphasize that the most novel aspect of
our work is that it simultaneously includes inhomogeneous treat-
ments of feedback from LW radiation, ionizing radiation, and ex-
ternal metal enrichment.
Trenti et al. (2009) use a semi-analytic model based on N-
body simulations to estimate the abundance of Pop III stars. They
explored models with inhomogeneous metal enrichment (but con-
stant LW background and no ionizing feedback) and found signifi-
cant Pop III star formation at late times (z < 6).
Agarwal et al. (2012) also explored the abundance of Pop
III stars and so-called “direct collapse black holes” using semi-
analytic models based on N-body simulations. Their model in-
cludes spatial fluctuations in the LW intensity, but does not include
spatially inhomogeneous reionization effects or external metal en-
richment. We find similar values for the global Pop III SFRD, but
a much earlier emergence of dominant metal enriched star forma-
tion. This is likely due to their assumption that metal enriched star
formation can only occur in dark matter halos more massive than
108 M⊙.
Another semi-analytic model based on N-body simulations
was presented in Crosby et al. (2013) to explore the high-redshift
abundance of Pop III and metal enriched stars. Their model is simi-
lar to ours, but does not include reionization feedback, spatial fluc-
tuations in LW intensity, or external metal enrichment. We find that
our fiducial model gives SFRDs (both Pop III and metal enriched)
that roughly agree with this work.
Additionally, there have been a number of works utiliz-
ing semi-analytic models to make predictions for Pop III stars
which could be found in the Milky Way at z = 0 (e.g.
Griffen et al. 2016; Ishiyama et al. 2016; de Bennassuti et al. 2017;
Graziani et al. 2017; Magg et al. 2017). The comparison to these
papers is not straightforward, since the N-body simulations are
zoom-in runs on Milky Way-sized halos rather than on unbiased
patches of the Universe (i.e. with matter density equal to the cos-
mic mean). Additionally, these studies generally focus on lower
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Table 1. Physical parameters entering the semi-analytic model and their fiducial values.
Parameter Description Fiducial Value
fIII Pop III star formation efficiency 0.001
fII Metal-enriched star formation efficiency 0.05
ηII LW/Ionizing photons per baryon of metal-enriched stars formed 4000
ηIII LW/Ionizing photons per baryon of Pop III stars formed 65000
MPopIII Mass of individual Pop III stars 40M⊙
tPopIII Pop III stellar lifetime 4× 106 yr
tdelay Delay until metal-enriched star formation after Pop III stars form 10
7 yr
tPopII Time metal-enriched stars emit radiation 5× 106 yr
Zcrit Critical metallicity in externally metal enriched halos 10−3.5 Z⊙
Mmin,met Critical mass in externally metal enriched halos 2× 105 M⊙
Mion Ionization feedback mass 1.5× 108
(
1+z
11
)−3/2
M⊙
fesc,II Ionizing photon escape fraction in metal-enriched halos 0.1
fesc,III Ionizing photon escape fraction in Pop III halos 0.5
fbub External metal enrichment 0 (no external enrichment)
202530354010
-8
10-6
10-4
10-2
161412108
fiducial
fIII = 0
fIII = 0.005
202530354010
-8
10-6
10-4
10-2
161412108
fiducial
tdelay = 50 Myr
202530354010
-8
10-6
10-4
10-2
161412108
fiducial
fbub = 1
202530354010
-8
10-6
10-4
10-2
161412108
fiducial
f
esc,II = fesc,III = 0
Figure 3. Pop III (dashed curves) and metal-enriched (solid curves) SFRDs for variations in a number of model parameters. The SFRDs have been smoothed
on a scale of 107 yr.
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202530354010
-8
10-6
10-4
10-2
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no feedback
Figure 4. Pop III (dashed curves) and metal-enriched (solid curves) SFRDs
in the fiducial case and the case with no LW, external metal enrichment, or
ionization feedback. The SFRDs have been smoothed on a scale of 107 yr.
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f
esc,II = fesc,III = 0
Figure 5. Cumulative density of Pop III stars formed as a function of cos-
mic time for various model parameter values. The solid black curve is the
fiducial model, and other curves have parameters varied from this model as
indicated in the legend.
redshifts than we explore. In future work, we will apply our model
to lower redshifts and ultimately to present day Milky Way-like
galaxies.
Semi-analytic models built on N-body simulations have been
used in the DRAGONS simulation suite to study galaxy formation
and reionization in the high-redshift Universe (see e.g. Poole et al.
2016; Mutch et al. 2016). However, in order to model the large
scales needed for reionization, a lower dark matter resolution is
adopted, the smallest minihalos are not resolved, and Pop III star
formation is not included.
We also note that Mebane et al. (2017) recently developed
semi-analytic simulations of Pop III stars using an abundance
matching technique to track halos (i.e. without utilizing N-body
simulations). They find Pop III SFRDs generally consistent with
our results.
6 DISCUSSION AND CONCLUSIONS
We have developed a semi-analytic model of the formation of
the first stars. Our technique utilizes merger trees and three-
dimensional spatial information from dark matter only cosmologi-
cal simulations. We self-consistently populate the dark matter halos
from these simulations with Pop III and metal-enriched stars using
physically motivated prescriptions for star formation and feedback.
This approach is intended to provide a middle ground between
analytic work, which does not include spatial information or indi-
vidual halo merger histories, and hydrodynamic cosmological sim-
ulations, which include detailed physics but are numerically ex-
pensive and have limited dynamic range. Our model includes LW
and ionizing feedback, as well as external metal enrichment due to
supernovae winds. A number of different physical parameters are
included in the model, and can be varied to account for uncertain-
ties in the properties of high-redshift Pop III and metal-enriched
star formation.
We have used our model to study the evolution of the SFRD
of the first Pop III and metal-enriched stars in the Universe. We
find that varying the model parameters leads to qualitative differ-
ences in the global features of the star formation history. The Pop
III star formation efficiency, fIII, and the recovery time required for
gas to fall back into a halo and form metal-enriched stars after Pop
III supernovae, tdelay, are especially important. Altering tdelay can
greatly change the duration of time in which Pop III stars dominate,
and unsurprisingly, the relative Pop III and metal-enriched star for-
mation efficiencies determine the importance of Pop III stars in the
early Universe.
Our model was also utilized to study the impact of halo clus-
tering on the evolution of the high-redshift SFRD (i.e. the impor-
tance of the three-dimensional positions of individual halos). We
find that the effect of small-scale clustering on LW feedback is
modest. This is because most of the flux comes from the back-
ground LW component emitted on spatial scales larger than the size
of our simulation box. While clustering does expose a small frac-
tion of minihalos to very high LW flux, it does not greatly change
the evolution of the SFRD.
We also find that clustering has a relatively small impact when
ionization feedback is included at the redshifts explored (z & 20).
This is because the ionization fraction in the box is quite low at
these cosmic times and many halos which would be affected by ion-
izing feedback already have their star formation suppressed by LW
radiation. Additionally, clustering is not very important because
this feedback is mainly caused by progenitors of the halos where
star formation is suppressed, and thus can be well-approximated
without the positions of individual halos. However, as discussed
above, ionization feedback may not be accurately captured with
analytic work based on the Press-Schechter formalism which does
not include merger trees. At lower redshifts, when the total ioniza-
tion fraction goes up during reionization, we expect the importance
of clustering to increase.
Clustering information is necessary for including external
metal enrichment, which we find can increase the metal-enriched
SFRD and decrease Pop III star formation at high redshift.
There are a number of ways our model can be improved in
subsequent work. It is relatively straightforward to extend the star
formation and feedback prescriptions, making them much more
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Figure 6. Pop III (dashed curves) and metal-enriched (solid curves) SFRDs in the cases with (black curves) and without clustering (red curves). The SFRDs
have been smoothed on a scale of 107 yr. The case without clustering is meant to illustrate what could be done with merger histories alone (i.e. without running
N-body simulations needed to specify halo locations). The left panel is our fiducial model and the right includes LW feedback but no ionization feedback (i.e.
fesc,II = fesc,III = 0).
sophisticated. This can include adding Pop III stars of different
masses randomly sampled from an assumed IMF. It will also be
possible to vary the supernovae recovery time from halo to halo
depending on both the masses of the Pop III stars and the masses
of the minihalos. Additionally, it would be advantageous to intro-
duce a more detailed prescription for metal-enriched star forma-
tion. For example, it may be important to include changes in star
formation due to mergers of star-forming halos or additional nega-
tive feedback on star formation due to supernovae explosions. We
note however that even though we use a very simple prescription for
star formation, our model agrees reasonably well with more sophis-
ticated simulations. In our fiducial model, we find that typical metal
enriched halos at z = 20 have halo masses ofMvir ∼ 107 M⊙ and
total metal-enriched stellar masses ofM∗ ∼ 3000M⊙, with a fac-
tor of a few scatter in each of these quantities, in general agreement
with O’Shea et al. (2015).
We note that one shortcoming of our technique is that the N-
body box size is much smaller than the horizon of LW photons
contributing to the LW background (which comes from scales of
≈ 100 Mpc). Thus, while our calculation of the LW background
is self-consistent, it does not take into account density fluctuations
on scales larger than the box. In future work, it may be possible to
combine the model described here with large-scale semi-numerical
models such as Visbal et al. (2012), which do not track individual
halos, but follow the total SFR in voxels a few comoving Mpc in
size.
We also note that the baryon-dark matter streaming veloc-
ity (Tseliakhovich & Hirata 2010; Fialkov et al. 2012), which can
suppress star formation in minihalos, has not been included in
the present work. Thus, our results represent a region with low
streaming velocity, however the streaming velocity would reduce
the background component of the LW flux computed here. It may
be possible to address this by combining a number of different
semi-analytic simulations that have different values of the local
streaming velocity, but that is beyond the scope of this paper.
We have also assumed a LW escape fraction of unity through-
out this paper. We do not expect this assumption to have a large
impact on our results, however for the case of fIII = 0, we may
overestimate the amount of LW emission which escapes the halos
(Schauer et al. 2015).
In future work, we plan to compare our model directly with
hydrodynamical cosmological simulations. Matching to detailed
simulations will help to identify the most important physical pro-
cesses which determine the global properties of first stars. We note
that, even without any tuning, our fiducial model is generally con-
sistent with more detailed hydrodynamical cosmological simula-
tions (e.g. see figure 2 in Xu et al. 2013). We expect a closer match
to be achievable by adjusting the parameters and modestly improv-
ing of our model (i.e. by adding a more realistic Pop III IMF and
halo mass/redshift dependent metal-enriched star formation effi-
ciency).
Given the relatively low numerical cost of this semi-analytic
method, it will be valuable for exploring a large range of the highly
uncertain parameter space related to the first stars. Potential ap-
plications include predictions for high-redshift cosmological 21cm
observations, mergers of Pop III remnants detectable with gravi-
tational waves, stellar archaeology in the milky way, and an early
partial reionization which can be inferred from observations of the
CMB.
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